Introduction {#sec1-1}
============

The use of bone marrow mesenchymal stem cells (BMSCs) as a therapy for stroke is attractive in that it can provide an exogenous supply of cells capable of neurogenesis, angiogenesis, and endogenous plasticity after ischemic stroke (Chopp and Li, 2002; Chen et al., 2003a, b; Wu et al., 2007; Li et al., 2010; Wakabayashi et al., 2010; Sidoryk-Wegrzynowicz et al., 2011). We demonstrated previously that systemic injection of human BMSCs (hBMSCs) in transient middle cerebral artery occlusion (tMCAo) rats promoted angiogenesis, neurogenesis, and functional recovery (Li et al., 2008). However, the underlying beneficial effects have not been fully investigated. Some functional benefits of these cells arise from their ability to produce brain-derived neurotrophic factor, nerve growth factor, neurotrophin-3, vascular endothelial growth factor and hepatocyte growth factor (Chen et al., 2002; Andrews et al., 2008; Bao et al., 2011; Smith and Gavins, 2012). We have shown that this trophic support is related to the degree of neurogenesis (Choi et al., 2010). Erythropoietin (EPO) is a cytokine that plays critical roles in hematopoiesis. Recent studies demonstrated that exogenous EPO acts as a neuroprotectant and regulates neurogenesis (Studer et al., 2000; Shingo et al., 2001; Wang et al., 2004; Choi et al., 2010). A recent study using EPO or EPO receptor (EPOR) transgenic mouse showed that endogenous EPO and EPOR are associated with neurogenesis (Tsai et al., 2006). This study was designed to assess the potential role of BMSCs as trophic supports for EPO to the ischemic brain.

Materials and Methods {#sec1-2}
=====================

Establishment of tMCAo animal model {#sec2-1}
-----------------------------------

A total of 36 male Sprague-Dawley rats aged 2 months and weighing 250--300 g were provided by Animal Laboratory of Zhejiang University in China (license No. SCXK (Zhe) 2012-0178). Animals were housed under standard conditions with free access to food and water. The use of animals in this study was approved by the Local Animal Care and Use Committee of Sir Run Run Shaw Hospital in China, and all procedures were carried out in accordance with institutional guidelines. Precautions were taken to minimize suffering and limit the number of animals used in each experiment. All rats were anesthetized with 4% isoflurane and maintained with 1.5% isoflurane in 70% N~2~O and 30% O~2~ using a face mask. Rectal temperature was maintained at 37.0--37.5°C with heating pads. Briefly, tMCAo was induced using a protocol of intraluminal vascular occlusion as previously described by our laboratory (Chen et al., 1992). To block the origin of the MCAo, a 4-0 surgical monofilament nylon suture with a rounded tip was moved from the left common carotid artery into the lumen of the internal carotid artery. At 2 hours after MCAo, reperfusion was performed by withdrawing the suture to the tip of the common carotid artery. Sham animals underwent an identical surgical procedure without the occlusion.

hBMSCs culture {#sec2-2}
--------------

BMSCs were obtained according to the World Medical Association outlined in the *Declaration of Helsinki*. All participants provided written informed consent. hBMSCs were obtained from 20-mL aspirates from the iliac crest of normal human donors (Bang et al., 2005) according to a protocol approved by the Scientific-Ethical Review Board of Sir Run Run Shaw Hospital in China. Briefly, cells were incubated in 150-cm^2^ rectangular canted neck cell culture flasks (Corning Incorporated Life Sciences, Tewksbury, MA, USA) at 37°C in 5% CO~2~ for 1 day; the non-adherent cells were removed by changing the medium. The medium was changed every 2--3 days until the adherent cells were 80% confluent (usually 10--14 days). After the cells were passaged twice, they were harvested with 0.05% trypsin and 0.53-mM ethylenediamine tetraacetic acid (Gibco, Carlsbad, CA, USA) for 5 minutes at 37°C, replated in a flask, and cultured for an additional 3--5 days. The expression levels of surface markers CD105 and CD73 in hBMSCs were evaluated using flow cytometry (*n* = 6; FACScan; Becton Dickinson, Rutherford, NJ, USA), and hBMSCs exhibited high expression levels (96--99%) of these stem cell markers (data not shown).

Experimental groups {#sec2-3}
-------------------

The rats were randomly allocated to the two parts of the study. The first part was designed to assess whether hBMSCs therapy influenced EPO levels using enzyme-linked immunosorbent assay (ELISA). This was divided into sham, tMCAo, and hBMSCs groups (*n* = 6 for each group). The second part of this study assessed whether blocking EPO influenced hBMSCs-induced 5-bromo-2-deoxyuridine (BrdU)-positive cell proliferation and recovery of neurological functional, using BrdU staining and a behavior test. There were a heat-denatured sEPOR group, an hBMSCs + heat-denatured sEPOR group, and an hBMSCs + sEPOR group (*n* = 6 for each group).

hBMSCs injection {#sec2-4}
----------------

hBMSCs (1 × 10^6^) were injected into the tail vein of each rat at 24 hours after tMCAo in the hBMSCs, hBMSCs + heat-denatured sEPOR and hBMSCs + sEPOR groups and rats were not immunosuppressed after the hBMSCs transplantation. PBS (1-mL) was injected into the tail vein of the rats in the tMCAo group and heat-denatured sEPOR only group.

Tissue preparation and immunohistochemical assay {#sec2-5}
------------------------------------------------

Rats in the second part of the study received daily intraperitoneal injections of 50 mg/kg BrdU at 24 hours after tMCAo for 13 consecutive days. The rats were sacrificed at 14 days after tMCAo by an overdose of anesthesia. The rat brains were fixed by transcardial perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde solution. The brains were removed quickly and kept in 4% paraformaldehyde solution overnight at 4°C, embedded in 30% sucrose solution until they sank. Preliminary immunohistochemical assay was performed using 30-μm-thick coronal sections. Sections (60-μm-thick) were collected from every sixth section between bregma levels +1.0 and --1.0 mm (six sections per brain) to quantify BrdU labeling with unbiased stereological analysis. We counted BrdU-positive cells to evaluate the degree of proliferation as described by Li et al. (2008). To do so, DNA was first denatured by incubating sections in 2-N HCl at 37°C for 1 hour. The sections were then rinsed with Tris buffer and treated with 0.3% H~2~O~2~ to block endogenous peroxidase. The sections were blocked with 10% normal horse serum and 0.1% Triton X-100 in PBS for 30 minutes at room temperature, incubated with a mouse anti-BrdU monoclonal antibody (1:200; Roche Diagnostics, Penzberg, Germany) overnight at 4°C, with horse anti-mouse IgG (1:500; Vector Laboratories, Burlingame, CA, USA) for 1 hour at room temperature and with an avidin-biotin-peroxidase complex (Vectastain ABC kit; Vector Laboratories) for 1 hour at room temperature before developing with 3,3′-diaminobenzidine (Dako Cytomation, Glostrup, Denmark). After rinsing in 0.1 M PBS, sections were mounted on gelatin-coated slides and analyzed under a bright-field microscope (E600; Nikon, Tokyo, Japan) to determine the number of BrdU-labeled cells in the subventricular zone of the ipsilateral hemisphere (six sections per brain). The ischemic zone was defined as in a previous report (Li et al., 2008). An unbiased stereological estimate of the total number of BrdU-immunoreactive cells in the subventricular zone was made using the optical fractionator technique (Plane et al., 2004). This sampling technique is not affected by tissue volume changes and does not require reference volume determinations (West et al., 1991). Sampling was performed with the Computer-Assisted Stereological Toolbox system (version 2.3.1.5; Olympus Denmark A/S, Ballerup, Denmark) under an Olympus BX51 microscope. The subventricular zone was delineated using a 1.25× objective, which generated counting areas of 84.6 × 84.6 μm^2^. A counting frame (3,580 μm^2^) was placed randomly on the first counting area and moved through all counting areas systemically until the entire delineated area was sampled. The sampling frequency was chosen so that 100--200 BrdU-positive cells were counted in each specimen in the ipsilateral hemisphere. Actual counting was performed using a 100× oil objective lens. Guard volumes (4 μm from the top and 4--6 μm from the bottom of the section) were excluded from both surfaces to avoid the problem of lost caps, and only profiles that came into focus within the counting volume (with a depth of 20 μm) were counted. The total number of BrdU-positive cells was estimated using the optical fractionator formula (West et al., 1991).

ELISA {#sec2-6}
-----

All animals were sacrificed at 14 days after tMCAo or sham surgery. Quantitative immunoassay was used for EPO levels, according to the manufacturer\'s protocol (R&D system, Shanghai, China). Tissue from the ischemic hemisphere was homogenized and lysed with 25 mM Tris, 1% Triton X-100, 0.5 mM ethylenediamine tetraacetic acid, 150 mM NaCl, and a protease inhibitor, cocktain (Calbiochem, Darmstadt, Germany). Total protein was quantified by the Bradford assay (Bradford, 1976) as previously reported (Li et al., 2008). Each sample was analyzed in triplicate.

Blocking EPO by infusion of sEPOR {#sec2-7}
---------------------------------

A cannula, connected to an osmotic minipump (Alzet; model 1007D, 100 μL, flow rate 0.5 μL/h; Cupertino, CA, USA), was implanted into the left lateral ventricle, *i.e*., ipsilateral side to the stroke, to give better delivery of agents to the peri-infarct tissue. Recombinant sEPOR was infused into the left lateral ventricle as described previously (Sakanaka et al., 1998; Prass et al., 2003; Malhotra et al., 2006). The pump and cannula were primed overnight in sterile saline at 37°C to avoid any delay in pump delivery of the agent after implantation. sEPOR (R&D systems) was infused at 24 hours after tMCAo in the left lateral vehicle (PBS, pH 7.0--7.4, and 0.1% bovine serum albumin) for 13 consecutive days, in accordance with a previous method (Malhotra et al., 2006). Heat-denatured sEPOR was heated at 56°C by heating in water bath for 30 minutes. A dose of sEPOR/heat-denatured sEPOR 3 μg/day was selected because our preliminary ELISA results showed that the levels of EPO in stroke rats treated with hBMSCs were 2--3 times higher than those in rats that received PBS, and in previous reports 1 μg/day was used in a rat model of transient ischemic attack (Sakanaka et al., 1998; Prass et al., 2003; Malhotra et al., 2006).

Behavioral test {#sec2-8}
---------------

In all rats, a battery of behavioral tests was performed before tMCAo and at 1, 7 and 14 days after tMCAo. For the adhesive-removal somatosensory test (Chen et al., 2001, 2004; Li et al., 2002), two small pieces of adhesive-backed paper dots (of equal size, 113.1 mm^2^) were used as bilateral tactile stimuli occupying the distal-radial region on the wrist of each forelimb. The time taken to remove each stimulus from forelimbs was recorded in five trials per day. Before surgery, rats were trained for 3 days. If the rats were able to remove the dots within 10 seconds, they were chosen for surgery. The time taken to remove the dot was recorded. Using the modified Neurological Severity Score (mNSS), neurological function was graded on a scale of 0--18 (normal score, 0; maximal deficit score, 18) (Markgraf et al., 1992). The mNSS is a composite of motor (muscle status and abnormal movement), sensory (visual, tactile, and proprioceptive), reflex, and balance tests. The behavioral test was conducted in triplicate on each rat.

Statistical analysis {#sec2-9}
--------------------

All data are expressed as the mean ± SD. Statistical differences between groups were evaluated using one-way analysis of variance (SPSS 13.0, SPSS, Chicago, IL, USA). Values of *P* \< 0.05 were considered statistically significant.

Results {#sec1-3}
=======

hBMSCs promoted the release of endogenous EPO from ischemic brain tissues {#sec2-10}
-------------------------------------------------------------------------

ELISA results demonstrated that at 14 days after surgery, the endogenous EPO levels from ischemic tissues were higher in the tMCAo group than in the sham group (*P* \< 0.05). Endogenous EPO levels were significantly higher in the hBMSCs group (more than twice) than in the tMCAo group and sham group (*P* \< 0.01; [**Figure 1**](#F1){ref-type="fig"}).

![Effect of hBMSCs injection on EPO levels in brain tissue of ischemic stroke rats (enzyme linked immunosorbent assay).\
Data are expressed as the mean ± SD (six rats in each group). Each sample was analyzed in triplicate. \**P* \< 0.05, \*\**P* \< 0.01, *vs*. sham group; \#\#*P* \< 0.01, *vs*. tMCAo group (one-way analysis of variance). EPO: Erythropoietin; tMCAo: transient middle cerebral artery occlusion; hBMSCs: human bone marrow mesenchymal stem cells.](NRR-10-1265-g001){#F1}

Blocking EPO affected hBMSCs effects on the neurological function in ischemic stroke rats {#sec2-11}
-----------------------------------------------------------------------------------------

The adhesive-removal test times and mNSS score gradually decreased in the heat-denatured sEPOR, hBMSCs + heat-denatured sEPOR and hBMSCs + sEPOR groups with time. Moreover, the adhesive-removal test times and mNSS score were lower in the hBMSCs + heat-denatured sEPOR group than in the heat-denatured sEPOR-only group (*P* \< 0.05). The adhesive-removal test time and mNSS score were similar between hBMSCs + heat-denatured sEPOR and hBMSCs + sEPOR groups (*P* \> 0.05; [**Figure 2**](#F2){ref-type="fig"}).

![Effects of hBMSCs on neurological function in rats with ischemic stroke after blocking EPO.\
Long time taken to remove each stimulus from forelimbs in the adhesive-removal test and high modified neurological severity score represent severe nerve injury. Data are expressed as the mean ± SD (six rats in each group). Behavioral test was conducted in triplicate in each rat. †*P* \< 0.05, *vs*. heat-denatured sEPOR group (one-way analysis of variance). tMCAo: Transient middle cerebral artery occlusion; sEPOR: soluble erythropoietin receptor; EPO: erythropoietin; hBMSCs: human bone marrow mesenchymal stem cells.](NRR-10-1265-g002){#F2}

Cell proliferation in the subventricular zone of the ischemic brain after blocking EPO by infusion of sEPOR {#sec2-12}
-----------------------------------------------------------------------------------------------------------

Immunohistochemical staining demonstrated that a few BrdU-positive cells were concentrated in the subventricular zone in the heat-denatured sEPOR group. A large number of BrdU-positive cells were detected in the subventricular zone, corpus callosum, and striatum in the hBMSCs + heat-denatured sEPOR group (data not shown). The number of BrdU-positive cells was higher in the hBMSCs + heat-denatured sEPOR group than in the heat-denatured sEPOR group (*P* \< 0.05). The number of BrdU-positive cells was less in the hBMSCs + sEPOR group than in the hBMSC + heat-denatured sEPOR group (*P* \< 0.05; [**Figure 3**](#F3){ref-type="fig"}).

![Effects of blocking EPO on cell proliferation in the SVZ of rats with ischemic injury after treatment with hBMSCs.\
(A--C) Newborn cells in the SVZ of rats at 14 days after injury. BrdU-positive cells are brown. (A) Heat-denatured sEPOR group; (B) hBMSCs + heat-denatured sEPOR group; (C) hBMSCs + sEPOR group. Scale bar: 20 μm. (D) Number of BrdU-labeled cells in the SVZ. Data are expressed as the mean ± SD (six rats in each group). §*P* \< 0.05, *vs*. hBMSCs + heat-denatured sEPOR group (one-way analysis of variance). tMCAo: Transient middle cerebral artery occlusion; sEPOR: soluble erythropoietin receptor; SVZ: subventricular zone.](NRR-10-1265-g003){#F3}

Discussion {#sec1-4}
==========

In the present study, functional recovery occurs in rats with tMCAo after treatment with hBMSCs, which were consistent with previous results (Chen et al., 2003b; Kurozumi et al., 2005; Koh et al., 2008; Li et al., 2008). BMSCs may promote endogenous plasticity, neurogenesis, and angiogenesis (Zhang et al., 2001, 2003; Chen et al., 2003b; Drury-Stewart et al., 2013; Iskander et al., 2013). However, functional recovery is not remarkably changed after blocking EPO by infusion of sEPOR. These data indicate that endogenous EPO may be associated with functional recovery.

Numerous studies demonstrated that growth factor levels, such as brain-derived neurotrophic factor, vascular endothelial growth factor and hepatocyte growth factor, increased in the ischemic hemisphere of hBMSC-treated rats compared with the tMCAo group (Li et al., 2002, 2008; Hess and Borlongan, 2008; Takahashi et al., 2008; Yasuhara et al., 2010). This study demonstrated that the levels of EPO increased in the ischemic hemisphere of hBMSC-treated tMCAo rats compared with the untreated tMCAo group. Exogenous EPO has been shown to act as a neuroprotectant that can regulate neurogenesis (Studer et al., 2000; Shingo et al., 2001; Wang et al., 2004; Choi et al., 2010). Another study showed that EPO enhanced progenitor cell differentiation and proliferation after a short period of administration (Bahlmann et al., 2004). Exogenous EPO may be needed to substitute for suppressed endogenous EPO and to protect EPOR expressing cells from apoptosis (Brines and Cerami, 2005). Our study demonstrated that hBMSCs treatment can enhance endogenous EPO. hBMSCs may be one of the trophic supports for EPO to ischemic brain.

Results from this study demonstrated that proliferation was enhanced by the application of hBMSCs, which was consistent with previous results that hBMSCs promoted endogenous neurogenesis (Chen et al., 2003b; Li et al., 2008; Yang et al., 2009; Shen et al., 2010). After blocking EPO by infusion of sEPOR, we found fewer BrdU-positive cells. These findings indicate that EPO can promote neurogenesis. Further studies are needed to evaluate whether the increased BrdU-positive cells are the result of increased endogenous proliferation.

This study has some limitations. We did not establish an exogenous EPO treatment group, or compare neurogenesis in the hBMSCs-treated groups to any EPO-treated groups. However, the present study focused on the effect of endogenous EPO on cell proliferation. Further studies are needed to evaluate whether the increased BrdU-positive cells are the result of increased neurogenesis.

In conclusion, hBMSCs can enhance cell proliferation in the ischemic region and this potential is associated with released EPO.
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